Introduction
To understand protein adsorption on a surface is very important in bio-related domains of technology and application such as biomaterials, implant biocompatibility, and biosensor technology. (Gray 2004 ) Self-assembled monolayers (SAMs) are excellent model surfaces for biology and biochemistry because they are stable, highly ordered, easy to prepare, and provide a wide range of organic functionality. (Love et al. 2005 ) Previous experimental studies (Ostuni et al. 2003; Prime & G.M. Whitesides 1991) have indicated that hydrophobic interactions are the major mechanism for protein adsorption on surfaces, and the dehydration of both the protein and hydrophobic SAMs provides an entropic driving force for protein adsorption. (Ostuni et al. 2003) Nonetheless, there are still many questions needed to be clarified and difficult to be investigated in experiments. Molecular dynamics (MD) simulation is a powerful tool that is able to investigate the atomic details of a molecular system. This paper summarizes the investigations of proteins adsorption on alkanethiol SAMs by means of MD simulations in order to expand the limited information that the experiments can provide. (Hung et al.2006; Hung et al.2010; Hung et al. 2011) MD simulation has been applied to study the mechanisms of proteins adsorption on various SAMs and has provided valuable information. For example, Tobias et al. (Tobias et al. 1996 ) studied cytochrome-c (Cyt-c) covalently tethered to hydrophobic (methylterminated) and hydrophilic (thiol-terminated) SAMs. In their model, water molecules were not modeled explicitly. They found that Cyt-c was completely excluded from the hydrophobic SAM surface but partially dissolved on the hydrophilic SAM surface. In a follow-up study, Nordgren et al. (Nordgren et al. 2002) reported that the larger perturbation of Cyt-c structure occurred on hydrophilic SAM surfaces rather than on 276 hydrophobic SAM surfaces using explicit water molecule model. They found that the protein molecule was surrounded by the water molecules, resulting in the reduction of the interaction between the protein and the surface. Zhou et al. (Zhou et al. 2004) investigated the orientation and conformation of Cyt-c on carboxyl-terminated SAM using a combined method of Monte Carlo (MC) and MD simulations. Their results showed that the preferable orientation of an adsorbed protein can be obtained by a strongly charged surface but the protein may lose its bioactivity due to the large conformational change. To understand surface resistance to protein adsorption, Jiang and his coworkers (Hower et al. 2006; Zheng et al. 2004; Zheng et al. 2005 ) studied lysozyme adsorption on various SAM surfaces with terminal methyl, hydroxyl, oligo (ethylene glycol) (OEG), mannitol, and sorbitol groups by a hybrid MC and MD simulation. They concluded that the resistance of protein adsorption to a surface was due to the tightly bound, structured water layer directly above the surface. Agashe et al. (Agashe et al. 2005) utilized MD simulations to investigate the adsorption of the -chain fragment of fibrinogen on SAM surfaces with five different terminal groups: methyl, hydroxyl, carboxyl, amino and OEG. The fibrinogen fragment did not show conformational rearrangements; rather it underwent rotational and translational motions until low-energy orientations were achieved. The above studies demonstrated that MD simulation is a useful and important tool to study protein adsorption on various SAM surfaces.
Not only the static properties, such as orientation and potential energy, but also the dynamic information about the process of CTX binding to the membrane are of interest. The dynamic biological process and the corresponding information, such as the structural change, adsorption force, interaction energy, and potential of mean force (PMF), can be investigated by steered molecular dynamics (SMD) simulation. (Isralewitz et al. 2001) The PMF is the equilibrium free energy difference along the reaction coordinate, which is an important thermodynamic quantity characterizing the dynamic process. (Kirkwood 1935) Calculation methods for PMF had been reviewed and classified as either equilibrium or non-equilibrium approaches. (Ytreberg, Swendsen, and Zuckerman 2006) The equilibrium approaches, for example, the umbrella sampling method, (Torrie & Valleau 1977 ) need large computer resources because they rely on fully sampled equilibrium simulations performed at each stage of the PMF calculation. The nonequilibrium approaches, for example, using Jarzynski's remarkable equality (Jarzynski 1997 ) from SMD simulations, has the potential to provide very rapid estimates of PMF. However, the use of Jarzynski's equality suffers from significant bias and error when the pulling velocity is too high or the number of trajectories sampled is insufficient. (Gore, Ritort, and Bustamante 2003) CTX is a cytotoxic -sheet basic polypeptide which is known to cause membrane leakage in many cells including human erythrocytes and phospholipid membrane vesicles. (Dufton and Hider 1988) The three-dimensional structures of various CTX homologues in both aqueous and micellar environments are available. (S C Sue et al. 2001; Dauplais et al. 1995) The interactions between CTX and lipid membranes have been widely studied by various methods, such as Fourier transform infrared spectroscopy, Forouhar et al. 2003 ) nuclear magnetic resonance (NMR) spectroscopy, (Dubovskii et al. 2005 ) and computer simulation. (Levtsova et al. 2009; R G Efremov et al. 2004 ) CTXs do not easily adopt large conformational changes due to the existence of four www.intechopen.com Studies of Cardio Toxin Protein Adsorption on Mixed Self-Assembled Monolayers Using Molecular Dynamics Simulations 277 disulfide bonds in their chemical structure. Therefore, they are good candidates in experimental study of protein adsorption on SAM surfaces. MD simulations can help, furthermore, in the understanding of the interaction of CTX-SAM system.
In our earlier study, (Hung et al. 2006 ) the binding energy of protein molecules to SAM surfaces of different mixing composition of alkanethiols chains was investigated. We found that the binding energy was enhanced due to the increasing of the hydrophobic area on the SAM surface. In that study, we focused on the enthalpic contribution of the hydrophobic interaction between a CTX molecule and SAM surfaces, and thus a solvent model of distance-dependent dielectric function was used (Ramstein & Lavery 1988) instead of explicit water molecules. However, the hydrophobic interaction is primarily driven by entropy (Chandler 2005) and it has been shown by many groups (Hower et al. 2006; Zheng et al. 2004; Zheng et al. 2005; Ostuni et al. 2003 ) that the water molecules on the protein-SAM interface play an important role on protein adsorption mechanism. In order to take into account both enthalpic and entropic components of hydrophobic interaction, an explicit solvent model is conducted to investigate and identify the complete physical mechanism.
Summmarizing our previous studies, MD simulations were performed to study the physical mechanism of CTX proteins adsorption on alkanethiol SAMs with different chain lengths. The dynamic information, such as structural changes and adsorption forces of CTX protein desorption from the SAM surface were investigated by means of SMD simulations. The dependence of the dynamic information on the pulling velocity was illustrated. The PMFs were calculated by the umbrella sampling method for better interpretation of the desorption process.
Model system and methodology

Simulation model
In order to study the adsorption of a CTX protein on the surfaces composing of mixed alkanethiol SAM growing on Au (111) substrate, two types of alkanethiol chains, S(CH 2 ) 5 CH 3 and S(CH 2 ) 9 CH 3 , were composed and were denoted briefly by C5 and C9, respectively. The structure of the SAM is a ( 33  )R30° lattice on x-y plane with lattice constant equal to 0.499 nm. Each lattice point is occupied by an alkanethiol chain of either C5 or C9. Five mixing ratios were studied: C9 = 0, 0.25, 0.5, 0.75 and 1, where C9 is defined as N C9 /(N C5 +N C9 ) with N C5 and N C9 representing respectively the numbers of C5 and C9 chains in the SAMs. In our studies, there were 12 chains on each side of the simulation box. Periodic boundary condition was applied in x and y directions to simulate infinitely large surface of SAMs. The Au (111) substrate was modeled by a single layer of gold atoms.
The CTX protein was modeled by the nuclear magnetic resonance (NMR) structure of CTX A3 (PDB 1I02), (Sue et al. 2001 ) comprised of 60 amino acid residues. The interactions between CTX and lipid membrane had been well studied by Wu's group, Forouhar et al. 2003) and they found that the characteristics topology of three hydrophobic fingers (Fig. 1 ) played a key role in binding to lipid membranes. Hence, the CTX protein was chosen as the model system to study the protein-SAM interaction, to identify the mechanism of protein adsorbing on a SAM surface, and to understand the role of the protein hydrophobicity on the adsorption in our studies. 
Potential energy function
The potential energy function used in MD simulation included several terms describing both internal (bonded) and external (nonbonded) interactions, which ultimately determined both structure and dynamics of a molecular system. The atomic interactions inside a CTX molecule were described by the GROMOS-96 (43a2) 
Here k b , k θ , k φ , and k ξ are the bond, angle, dihedral, and improper dihedral force constants, respectively, for the bonded interactions and r 0 , θ 0 , φ 0 , and ξ 0 are the equilibrium values of bond length, bond angle, dihedral angle and improper dihedral angle, respectively. For the non-bonded interactions, ε is the Lennard-Jones well depth, σ is the distance at which the vdW interaction is zero, q is the charge, and r ij is the distance between atoms i and j. The parameters of the vdW interaction for the cross interactions between atoms i and j were obtained by the geometry combination rule. The alkanethiol chains in SAMs were modeled by the united-atom model of Hautman and Klein model (Hautman & Klein 1989) , given as
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In this model, the dihedral potential took the form of Ryckaert-Bellemans, (Ryckaert & Bellemans 1978) in which the potential was expanded in a series of cosine function of the dihedral angle with C n = 9.28, 12.16, -13.12, -3.06, 26.24, -31.5 kJ/mole for n= 0,..., 5, respectively. The laterally interaction between SAM molecules and gold surface was described by the Lennard-Jones 12-3 potential. (Tupper & Brenner 1994) 12 3
SAM-Au 2.117
The gold atoms were restricted on the positions of the lattice points in the substrate. Water molecules were explicitly considered and were modeled by extended simple point charge (SPC/E) model. (Berendsen et al. 1987) The hydrophobic interaction was the main interaction between CTX and SAM. The enthalpic and entropic components of the hydrophobic interaction were correctly involved and treated once the water molecules were explicitly modeled in our studies. Since the SAM molecules in the current study carry no charge, the potential energy between SAM and the other molecules was vdW interaction and the parameters were determined by the geometrical combination rule.
Initial configuration
It has been reported that phase separation can take place when SAM was composed of components of different terminal groups such as 3-mercaptopropanol and ntetradecanethiol, n-undecanethiol and 11-mercaptoundecanoic acid, 3-mercapto-Nnonylpropionamide and n-decanethiol and so on. (Smith et al. 2004 ) However, for SAM composed of the components of similar terminal groups, phase separation, in general, did not happen. For example, Whitesides and coworkers had done a series of experimental studies on methyl-terminated mixed SAM systems Folkers et al. 1992; Bain & Whitesides 1989) and shown that chain length difference in the SAM did not render the systems into the formation of macroscopic islands. Using atomic force microscope imaging, other group (Tamada et al. 1997 ) also reported no phase separation in the mixed SAMs composed of S(CH 2 ) 3 CH 3 and S(CH 2 ) 17 CH 3 . A recent review summarized again that molecules of similar composition did not phase separate in a SAM system formed from solutions at room temperature. (Smith et al. 2004) The results indicated that the mixed SAMs were not macroscopically phase separated according to Folkers et al. (Folkers et al. 1992 ) Based upon the above information, a homogenous mixture of the simulated SAM systems was assumed and the SAM surfaces were generated by randomly placing C5 and C9 molecules on the gold substrate in the present simulations.
The initial configuration of the CTX protein was prepared in the way with the three CTX finger loops facing the SAM surface. This orientation had been confirmed as the most favorable orientation of CTX proteins binding to membrane by experiments from Wu's group. (Forouhar et al. 2003; Huang et al. 2003 ) Efremov et al. (Efremov et al. 2004 ) and Lomize et al. (Lomize et al. 2006 ) obtained the same result by using MC method and transfer energy minimization method respectively. Therefore, the initial configuration with the three finger loops of the CTX facing down was set to facilitate the adsorption of the system to the truly favorable orientation for the present simulations.
Simulation procedure
After generating the initial configurations, the systems were solvated in a bath of water molecules with a density of 1 g/cm 3 . One Na + ion and ten Cl -ions were added into the simulation box to maintain the electro-neutrality of the systems. The simulation box was a rectangular parallelepiped of 5.99 × 5.19 × 10.00 nm 3 with periodic boundary conditions applied in the x and y directions. The z direction was restricted by a wall (cf. Fig.1 ). The velocities were initially assigned to each atom with a Maxwell-Bolzmann distribution at 50 K. The system was then gradually heated to 300 K in a period of 400 ps to initially relax the water molecules around the protein and the SAM surface.
The annealing process (Kirkpatrick et al. 1983 ) was then performed to overcome local minima and search the global minimum of energy landscape of the interaction between CTX and SAM. The process was started by an initial heating stage in which the system was heated from 300 to 350 K. The temperature was then maintained at 350 K for 400 ps, followed by a slow cooling at a rate of 0.1 K/ps to 300 K. 300 K was then maintained for 4 ns until the interaction energy between CTX and SAM reached a constant value. The simulations were performed in canonical ensemble with the integrating time step equal to 1.0 fs. The temperature was controlled by Berendsen thermostat (Berendsen et al. 1984) with the time constant equal to 0.1 ps in the annealing process and then the temperature was controlled by a Nose-Hoover thermostat. (Hoover 1985; Nose 1984 ) Because bond vibration is very fast, all the covalent bonds were constrained by the LINCS algorithm. (Hess et al. 1997) For the nonbonded interactions, the cutoff distance was chosen to be 1.5 nm for the vdW interaction. The Coulomb interaction was cut at 2.5 nm by a force-shifting function. It has been demonstrated (Steinbach & Brooks 1994 ) that the cutoff method for the electrostatic interaction can correctly model the dynamics of biomolecules in solutions. The twin-range approach in neighbor searching (Wilfred F. van Gunsteren and Herman J. C. Berendsen 1990) was performed, with short range distance equal to 1.5 nm and long range distance equal to 2.5 nm. Data were saved every 1.0 ps for analysis. All the simulations were performed using the program GROMACS. 
Steered molecular dynamic simulations
In our study (Hung et al.2011) , SMD simulated the pulling process of CTX adsorbed on the SAM surface by applying an external force to the CTX molecule, and it monitored the adsorption force and structural change of the CTX molecule during the desorption process. Before the pulling process started, the model system was in equilibrium, and the CTX molecule was adsorbed onto the SAM surface. The equilibrium state was kept at 300 K for an additional 3 ns. The starting configurations of the model system for SMD simulations were generated by extracting configurations from the last nanosecond of the equilibrium stage.
In the pulling process during the SMD simulation, external forces were applied to the CTX through the center of mass to pull the CTX off of the SAM surface with a constant velocity perpendicular to the SAM surface (i.e., z direction in Fig. 1 ). The adsorption force f at time t can be represented by the following equation
where k is the force constant, v is the pulling velocity and Z CTX (t) and Z CTX,0 are the z coordinates of CTX at time t and initial time 0, respectively. In our study, we defined Z as the distance from gold substrate, i.e., Z=0 is the position of the gold.
The stiff-spring approximation (Park & Schulten 2004; Park et al. 2003 ) with a large force constant was applied to minimize the fluctuation of reaction coordinate among different trajectories. The approximation was valid only if the force constant was sufficiently larger than the curvature of the energy landscape at its minimum, which was approximately the maximum of the second derivative of PMF profile. (Hummer & Szabo 2010) However, the fluctuations of applied force were related to k through (k B Tk) 1/2 ,where k B was the Boltzmann's constant and T was the absolute temperature, and thus the force constant cannot be arbitrarily large. (Balsera et al. 1997) In our study, the force constant was chosen to be 1209 k B T/nm 2 , which was four times as large as the maximum of the second derivative of PMF profile calculated using the umbrella sampling method, to ensure the validity of the stiff-spring approximation. The total traveling distance was up to 2 nm starting from Z CTX =2.0 nm, which was the equilibrium position of CTX protein adsorbed on the SAM surface, to Z CTX =4.0 nm, where the separation distance was far enough that there was no interaction between the CTX protein and SAM surface.
PMF calculation
PMF is a potential along a reaction coordinate, the gradient of which yields the negative of the average force acting on the targeted molecule over all the configurations at a given place. Physically, PMF represents the difference of free energy, F, along the coordinate of reaction. In statistical physics, the difference F between two coordinates z and z 0 , can be calculated by the ratio of the two configurational integrals as follow:
where z is the reaction coordinate, z 0 is the reference position, R denotes the remaining 3N-1 coordinates, U(z,R) is the system potential, and =1/k B T with k B being the Boltzmann's constant and T the absolute temperature.
In the circumstance of equilibrium MD simulations without applying external potentials, the regions with large PMF are not easily explored because the large difference of free energy hinders the access of the target molecule into the regions. It is hence difficult to calculate numerically the configurational integral over such regions with good accuracy. To overcome the problem, calculation methods for PMF had been devolped and classified as either equilibrium or non-equilibrium approaches. (Ytreberg et al. 2006) The equilibrium approaches, i.e. the umbrella sampling method, (Torrie & Valleau 1977) and the nonequilibrium approaches, i.e. using Jarzynski's remarkable equality (Jarzynski 1997 ) from SMD simulations. Further comparisons and details of these two approaches are given in our previous study. (Hung et al. 2011) 
Results and discussions
The results and discussions were summarized in two parts. In the first part, the influence of different solvent models on the systems was investigated at first. The results demonstrated that to include water molecules explicitly was crucial in the study of the protein adsorption. Therefore, the explicit water model was implemented to study the protein adsorption on SAMs of different mixing ratios ( C9 ). The binding energies were obtained by means of MD simulations. The binding energy was studied by calculating the nonbonded interactions of the protein with the SAM surface. The CTX/SAM contact area and the structure of SAM molecules were examined to investigate the binding enhancement of the CTX protein adsorbing onto a SAM surface. Other physical mechanisms were discussed in our previous study. (Hung et al. 2010) In the second part, the dynamic information including the structural changes, adsorption forces a CTX protein desorbed from the pure C5 SAM surface were monitored in the SMD simulation. The thermodynamic information, PMF, was calculated using the umbrella sampling method for better interpretation of the CTX desorption process.
Static properties of CTX adsorption
Comparison of results using different solvent models
There have been many alternative solvent models proposed to minimize the requirement of computer resources in simulating water. (Smith & Pettitt 1994) For example, the distancedependent dielectric function was a model widely used in many studies. To demonstrate the importance of the role of water in the adsorption of CTX on SAM, we performed the simulations using the distance-dependent dielectric model to simulate water environment. In this model, solvent molecules were not explicitly treated but implicitly considered together as a dielectric continuum. The dielectric constant was set to 1 within a cut-off distance (2.5 nm), and 78 beyond the cut-off distance. The binding energy of CTX on SAM calculated from the distance-dependent dielectric model showed the similar trend of behavior as from the explicit water model, but the error bar of data was larger for the distance-dependent dielectric model (Fig. 2) . Therefore, the CTX protein in the distancedependent dielectric model displayed a different conformation, compared to in the explicit water model. Fig. 3 showed snapshots of an equilibrium conformation of the CTX protein on the C9 = 0.5 SAM surface obtained from the two models. We observed that the CTX protein was almost lying flat on the SAM surface for the distance-dependent dielectric model. The orientation was different from the one by the explicit water model. Thus, higher binding energy was obtained for the former model due to the larger contact area. In the distancedependent dielectric model, there was no water molecule on the CTX-SAM interface to prevent direct contact of CTX and SAM and hence the interaction between them was so strong that the conformation of the CTX protein was largely deformed and the orientation was not in agreement with experimental observations. With explicit water molecules, the entropic component of the hydrophobic effect was considered and thus the hydrophobic effect induced some kinds of ordering in the surrounding water. More precisely, the hydrophilic residues of CTX were solvated by the water molecules via the hydrogen bonding. As a consequence, the CTX molecule was adsorbed on the SAM surface with specific orientation. The results demonstrated that to include water molecules explicitly in the model was crucial in the study of the protein adsorption. The binding mechanisms and protein conformation can be correctly identified only when it was considered. 
Binding energy of a CTX protein on SAM surface
The affinity of a CTX protein on SAM surface was of interest. This affinity can be quantified by calculating the binding energy between CTX and SAM, which was the sum of all the non-bonded interactions between them. Fig. 4 showed a maximum in the middle. The binding energy of the CTX protein to the pure C5 and the energy to the pure C9 SAM surfaces were similar to each other but significantly smaller than that to a mixed SAM surface. The enhancement of the binding energy on a mixed SAM surface can be as large as 34% when C9 = 0.5.
Physical mechanisms of CTX adsorption
The enhancement of the binding energy can be explained by the equilibrium configurations of CTX landing on SAM surfaces composing of different mixing ratios as shown in Fig. 5 . In the pure C5 and C9 SAM systems, the surface roughness is small. The CTX protein landed stably on the flat surface and the conformation of the CTX looked similarly to each other. On the other hand, the surface roughness was increased in the mixed SAM systems. The threefinger loops of the CTX can penetrate into the region between C5 and C9 molecules, especially when C9 = 0.25 and 0.5, resulting in the increase of the CTX-SAM contact area. The CTX-SAM contact area and the structure of SAMs were described in the following sections. It was commonly accepted that the free-energy change of protein from water to membrane was proportional to the change of area contacting with the surrounding water area of protein. (White & Wimley 1994; Reynolds et al. 1974; Eisenberg & McLachlan 1986) This idea was extended to our system and verified if the binding energy of CTX on SAM also followed a linear relation against the CTX-SAM contact area. The area was calculated by the method of double cubic lattice (Eisenhaber et al. 1995 ) with a probe radius equal to 0.14 nm. The result of the binding energy versus the contact area was plotted in Fig. 6 . It showed that the binding energy satisfied a linear equation with the surface area of CTX in contact with the SAM surface. The slope of the linear equation was 36.05 kJ/molnm 2 . Therefore, the binding energy was higher on the mixed SAMs surface than on the pure SAM. Mixed SAMs surfaces were rough surfaces which increased the contact area. Since the binding energy was strongly related to the CTX-SAM contact area, the structure of the SAM molecules can be another important factor in determining the protein adsorption. Mixed SAMs can be divided to two layer regions as observed by Bain, (Bain & Whitesides 1989 ) illustrated in Fig. 7(a) . The first layer region was the inner region adjacent to the gold substrate and the second one was the outer layer in contact with the solution. The mobility of the SAM molecules can be calculated by the root mean square deviation (RSMD) of the alkanethiol chains in the SAM in a time interval equal to 1 ps. The larger the RMSD, the higher the mobility would be. Fig. 7(b) showed that the RMSD of the C5 surface was higher than that of the C9 surface, which showed a better ordering when the chain length was long. The chain length dependence had been studied by experiments. (Fenter et al. 1997; Porter et al. 1987 ) These experiments showed that there existed distinct differences in structure between long-chained and short-chained SAMs. The long-chained SAMs formed a densely packed, crystalline-like structure while the structures of the short-chained SAMs became increasingly disordered. The results were consistent with the experiments. The large number of methylene groups in the long-chained SAM provided a strong vdW interaction to sustained an ordered structure. On the other hand, for the mixed SAM surfaces, the RMSD value was larger in the outer layer region than in the inner one. This was in agreement with the Bain's study, which showed that the inner layer packed better than the outer one.
The mixture of alkanethiols of different chain lengths in the SAM provided an additional dimension of the reaction area, especially for the hydrophobic interaction, on the limited surface. As a result, the CTX affinity was enhanced on the mixed SAM surface. In order to investigated the relation between the CTX binding and the SAM surface area, the SAS area of the mixed SAMs surface was calculated and plotted in Fig. 8 . It showed that the CTX-SAM contact area was highly correlated to the SAM surface area. The result suggested that the three dimensional nanostructured morphology, due to the chain length difference of the alkanethiol chains in SAM, promoted the contact of CTX protein on the SAM surface. Fig. 8 . SAM surface area and CTX-SAM contact area versus mixing ratio C9 of SAM surface. (Hung et al. 2010) 3.2 Dynamic information of CTX desorption process
Structural changes of CTX during the desorption process
CTX is a highly stable protein due to the presence of four disulfide bonds and a core of hydrophobic residues. (Sivaraman et al. 1998 ) As a result, the CTX protein does not undergo unfolding during desorption processes. SMD simulations provided dynamic structure histories of the CTX protein during the pulling process, and the key CTX molecular conformations were shown in Figs. 9(a)-9(d) for a pulling velocity of 0.25 nm/ns. The structural change of the CTX protein during the desorption process was due to these three loops. Starting from the equilibrium orientation of the three-finger loops facing and attached to the SAM surface ( Fig. 9(a) ), when CTX was pulled from the surface at a constant velocity, Loop I's tip detached from the surface first ( Fig. 9(b) ), and Loops II and III detached later at about the same time (Fig. 9(c) ) before the entire protein was detached from the surface (Fig.  9(d) ). The correlation between the trajectories of the three loops' tips (Z Loop , i ) and of the center of mass of protein (Z CTX ) from the gold substrate can quantitatively indicated the structural changes of the CTX protein during the desorption process, as shown in Fig. 9(e) . The centers of mass of three amino acid residues, Val7, Ala28, and Leu47, were chosen to represent the tip positions of the three loops, Z Loop I , Z Loop II , and Z Loop III , respectively. The average position of the methyl groups of the SAMs was about 1.0 nm from the gold substrate, and the vdW radius of methyl group was ~0.2 nm. (A J Li and Nussinov 1998) Thus, all three Z Loop,i were about 1.3~1.4 nm from the gold substrate when the loop contacted the SAM surface. It was reasonable to define that the i th loop tip detached from the SAM surface when Z Loop,i was larger than 1.6 nm. In general, the desorption process can be described in three stages as follows: in the first stage, CTX contacted the SAM surface with the three loops attached until Loop I detached from the SAM surface at Z CTX~2 .3-2.4 nm, and Z Loop , i <1.6 nm for all three loops i=1, 2, and 3. In the second stage, Loop I rose with Z CTX while Loops II and III remained in contact with the SAM surface, and Z Loop , i <1.6 nm for i=2 and 3 only. Loops II and III detached from the SAM surface almost at the same time at Z CTX~3 .3 nm. The three loops were far from the SAM surface in the third stage. 
Adsorption force during the desorption process
The adsorption forces and structural changes of the CTX protein during the desorption process from the SAM surface were the important results of the SMD simulation. Fig. 9(f) shows the adsorption force of the CTX protein as it was pulled with a constant velocity of 0.25 nm/ns. Three stages can be distinguished from the force curve. In the first stage, the force was monotonically rising until it reached a peak, i.e., the rupture force in the present study at Z CTX~2 .3-2.4 nm. The force then decreased to a plateau in the second stage for 2.5 nm< Z CTX <3.2 nm, and the force diminishes to nearly zero in the third stage (Z CTX >3.2 nm). These stages were closely correlated when the loops were either attached or detached.
Summarizing the history of the adsorption force and positions of the three loop tips, Z Loop,i , the desorption process can be described in three stages. In the first stage, the adsorption force increased with Z CTX until it was large enough to break Loop I from the SAM surface. In the second stage, the CTX-SAM was in a quasi-equilibrium state with Loops II and III contacting the SAM surface, and thus, the force remained constant in this stage. In the third stage, CTX was located far enough from the SAM surface that there was no interaction force between the CTX and SAM surface. The detachment of Loop I from the SAM surface gave the rupture force, which suggested that Loop I played an important role in the CTX desorption process from the SAM surface. This observation agreed with two-dimensional NMR spectroscopy experiments, (Sivaraman et al. 2000) which had shown that Loops II and III were more stable than Loop I. Hence, Loop I possessed the highest flexibility of the three loops, which was related to its biological activity. As it had the highest flexibility, Loop I should be the first loop to pull off from the surface, which was consistent with the SMD simulation results.
Different pulling velocities leading to different hysteresis effects (Liphardt et al. 2001 ) and different rupture forces (Liphardt et al. 2002) were observed in the previous studies. In the present simulations, the desorption processes at pulling velocities of v=1.0 nm/ns and v=0.25 nm/ns were qualitatively consistent with the three distinguished stages. However, three major differences were observed: the magnitude of the adsorption force at a higher pulling velocity was much higher than that at a lower pulling velocity, the quasiequilibrium state was indeterminate and the adsorption force was not diminished when the CTX was far from the SAM surface at v=1.0 nm/ns. These distinctions were a result of the pronounced non-equilibrium phenomena, such as friction and dissipation, at high pulling velocity. Furthermore, it was noted that the orientation of CTX in the bulk solvent environment at higher pulling velocity ( Fig. 10(d) ) was similar to that of CTX just departing from the SAM surface ( Fig. 10(c) ). There was no specific orientation of CTX in the bulk solvent environment at a lower pulling velocity (Figs. 9(c) and 9(d)), which implies that CTX was not relaxed with the surrounding molecules at a high pulling velocity of v=1.0 nm/ns.
To depict the adsorption force-pulling velocity dependence, the averaged force curves at four different pulling velocities were shown in Fig. 11(a) . The force curves were in qualitative agreement by shape, but the magnitude of the peak adsorption force and the width of the second plateau-like stage were different at different pulling velocities. Because the difference between the forces at v=0.125 nm/ns and at 0. 25 nm/ns was very small and the computation time for the v=0.125 nm/ns case was twice that of the v=0.25 nm/ns case, the major computations were conducted at v=0.25 nm/ns for the present study. Figure 11 (b) showed that the average rupture force was related to the pulling velocity in terms of the linear (green dash-dotted line) and logarithmic (red dash line) fittings. Some SMD studies (Sotomayor & Schulten 2007; Gao et al. 2002) found that the rupture force values are increased logarithmically with the pulling velocities, while other studies (Heymann & Grubmüller 1999; Marrink et al. 1998) found the linear dependence on the pulling velocities for high pulling velocities. The behavior between the rupture force and pulling velocity can be described well in terms of both linear and logarithmic relationships for pulling velocity ranging from 0.125 nm/ns to 1.0 nm/ns in our SMD simulations. The near-linear correlation indicated that the desorption process was within the friction force-dominated regime for the present study.
PMF calculated by the umbrella sampling method
Because the pulling forces depended strongly on the pulling velocity, further information of the CTX desorption process can be obtained from the free energy landscape, i.e., PMF. The resulting PMF profile from the umbrella sampling ( Fig. 12(a) ) showed a sharp change of the slope at Z CTX~2 .5 nm, a subsequent gradual increase afterward (2.5 nm <Z CTX <3.2 nm), and a plateau after Z CTX~3 .2 nm. The sharp change indicated a free energy barrier at Z CTX~2 .5 nm. For comparison with the pulling force curves from SMD simulations, the mean force profile was obtained from the derivative of the PMF profile with respect to Z CTX ( Fig. 12(b) ). A remarkable agreement between the mean force ( Fig. 12(b) ) and SMD force-distance curves ( Fig. 9(f) and Fig. 10(f) ) was obtained. The adsorption force from the SMD simulation included the random force, friction force, and thermodynamic force, but he mean force from the umbrella sampling method represented the thermodynamic force between the CTX protein and the SAM surface. Similar force-distance curves and similar structural changes impled cross-validation and also capture key features of the process from both approaches. Furthermore, the peak forces of both force-distance curves occurred at the same departing distance, Z CTX~2 .5 nm, indicating that the departure of the first loop was a major rupture force in the desorption process and the use of a pulling force from SMD that was higher than the mean force from the umbrella sampling was reasonable. For the range of pulling velocities applied in SMD simulations, the friction force played a role in the adsorption force, and thus, the relationship between the adsorption force and pulling velocity was near-linear at higher pulling velocities. However, the relationship between the adsorption force and pulling velocity becomes logarithmic with lower pulling velocities for the thermodynamic force-dominated regime. (Marrink et al. 1998 ) As a result, the mean force (blue circle in Fig. 12(b) ) cannot be achieved by extrapolating linearly to zero pulling velocity. Instead, the SMD data might approach the mean force by logarithmically extrapolating to zero pulling velocity, as shown in Fig. 12(b) .
Conclusion and prospects
In the present study, the adsorption of CTX proteins on alkanethiol SAMs of different mixing ratios was analyzed by means of MD simulations. Different solvent models had been examined and the results demonstrated that the use of explicit water molecules was necessary to correctly take into account the enthalpic and entropic components of the hydrophobic effect when one studies protein adsorption on SAMs. The results showed that the binding energy has the highest value when C9 was 0.5 and were in good agreement with the experimental data. Moreover, the binding energy between CTX and SAM surface was proportional to the CTX-SAM contact area. The structure of SAMs molecules determined the CTX-SAM contact area, and hence the binding energy.
Dynamic information, such as structural change and adsorption force, about the desorption of a single CTX protein from a SAM surface was investigated by means of SMD simulations successfully. The simulation results indicated that CTX did not undergo unfolding during the pulling process and Loop I was the first loop to depart from the SAM surface. This observation was in good agreement with the results of the NMR spectroscopy experiment. For the pulling velocity ranging from 0.125 nm/ns to 1.0 nm/ns employed in the present study, the near-linear dependence of force on pulling velocity indicated that the friction force played a significant role in the force measured in SMD simulations. A remarkable agreement was obtained between the force-distance interaction from the umbrella sampling method and the pulling force-distance curve from SMD, which cross-validated these techniques and also captured the same key features of the process from both approaches. Furthermore, the peak forces of both force-distance curves occurred at the same departing distance, Z CTX~2 .5 nm, indicated that the departure of the first loop was resulted in the major rupture force in the desorption process. The results provided valuable information at atomic level toward a fundamental understanding of protein adsorption.
Future work will focus on the PMFs calculation of CTX adsorption on mixed SAMs of different mixing ratios. It will provide key features for enhacing protein adsorption or protein resistance on the designed surface by manipulating the mixing ratios. 
